Concentrated animal feeding operations emit trace gases such as ammonia (NH 3 ), methane (CH 4 ), carbon dioxide (CO 2 ), and nitrous oxide (N 2 O). The implementation of air quality regulations in livestock-producing states increases the need for accurate on-farm determination of emission rates. The objective of this study was to determine the emission rates of , respectively. The open lot areas generated the greatest emissions of NH 3 , CO 2 , and N 2 O, contributing 78, 80, and 57%, respectively, to total farm emissions. Methane emissions were greatest from the lots in the spring (74% of total), after which the wastewater pond became the largest source of emissions (55% of total) for the remainder of the year. Data from this study can be used to develop trace gas emissions factors from open-lot dairies in southern Idaho and potentially other open-lot production systems in similar climatic regions.
T he state of Idaho has experienced rapid growth of the dairy industry in the past decade, with the number of milk cows increasing approximately 88% and milk production increasing 114% (USDA National Agricultural Statistics Service, 2007). In 2006, there were 477,193 milking cows in Idaho, with 71% of these being located in the Magic Valley region of southern Idaho (UDI, 2007) . Although this region has benefited economically from the growth of the dairy industry, there is concern regarding the impact of concentrated dairy production facilities on the environment, particularly emissions of ammonia (NH 3 ), methane (CH 4 ), and nitrous oxide (N 2 O).
In the atmosphere, NH 3 primarily reacts to form ammonium sulfate and ammonium nitrate aerosols, which contribute to particulate matter with an aerodynamic diameter <2.5 mm (PM 2.5 ) formation. The emissions of PM 2.5 are regulated as part of the USEPA National Ambient Air Quality Standards because they are considered to be a human health concern. Because NH 3 is highly correlated with PM 2.5 formation, it is anticipated that NH 3 emissions from confined animal feeding operations in the United States may be regulated in the near future. Under the Emergency Planning and Community Right-to-Know Act, confined animal feeding operations are required to report NH 3 emissions if they emit more than 45 kg NH 3 d -1 (USEPA, 2009b) . The USEPA Climate Change Division of the Office of Atmospheric Programs has recently adopted a rule for mandatory reporting of greenhouse gases (USEPA, 2009a) . This rule requires that livestock facilities with manure management systems that emit 25,000 metric tons of carbon dioxide equivalents (CO 2 e) report the annual aggregate CH 4 and N 2 O emissions from their manure management system. The implementation of air quality regulations in livestock-producing states increases the need for accurate on-farm determination of emission rates that reflect the range of animal production facilities and climatic conditions that exist in the United States.
There are limited on-farm emissions data from dairy production facilities covering the range of trace gases that are important from a regulatory and environmental standpoint. One reason for this is the difficulty and expense of doing this type of research. There have been two studies that have looked at NH 3 emissions using chamber methods from the pens and lagoon areas of an open-lot dairy in Texas (Mukhtar et al., 2008) or from concrete yards in the United Kingdom (Misselbrook et al., 2006) . In both of these studies, measurements were taken for up to 5 d during one or two seasons. Other studies have determined NH 3 emissions from dairy cattle housing (Cassel et al., 2005; Rumburg et al., 2008) or dairy cattle housing and manure handling systems ) using downwind measurements and modeling to estimate emissions. These studies measured NH 3 emissions from 3 to 31 d, with some studies measuring emissions during different seasons (winter, summer, and fall).
Methane emissions from dairy cattle have been estimated using sulfur hexafluoride tracers with grazing cattle (Lassey et al., 1997; Ulyatt et al., 2002) , emissions from cattle in barns (Kinsman et al., 1995; Sun et al., 2008) , emissions from grazing cattle (Laubach and Kelliher, 2005a; Laubach and Kelliher, 2005b) , or the whole farm (McGinn et al., 2006) using downwind measurements and modeling techniques. There have been two studies that estimated emissions of NH 3 , N 2 O, and CH 4 from a barn (Amon et al., 2001) or concrete yards (Misselbrook et al., 2001) ; one study that estimated emissions of N 2 O, CH 4 , and carbon dioxide (CO 2 ) emissions from dairy cattle in a chamber (Hamilton et al., 2010) ; and one study that estimated CO 2 emissions from a dairy barn (Kinsman et al., 1995) . As with the NH 3 emissions estimates, data from these other studies were collected for limited time periods, and most studies did not look at seasonal variation in emissions. Ngwabie et al. (2009) estimated emissions of NH 3 , N 2 O, and CH 4 from a dairy cattle building during multiple seasons (winter, spring, and summer).
There is also limited on-farm evaluation of emissions from manure storage areas. Khan et al. (1997) estimated CH 4 emissions from stored cattle slurry, and Su et al. (2003) measured emissions of CH 4 , CO 2 , and N 2 O from covered anaerobic wastewater treatment systems on several dairies. Mukhtar et al. (2008) and Flesch et al. (2009) estimated NH 3 emissions from dairy manure storage areas. A few studies have looked at some combination of NH 3 , CH 4 , CO 2 , or N 2 O emissions from dairy cattle slurry using laboratory or pilot scale techniques (Sommer et al., 2000; Amon et al., 2006; Guarino et al., 2006) . Two studies evaluated a combination of NH 3 , CH 4 , CO 2 , or N 2 O emissions from composting dairy manure (Hellebrand and Kalk, 2001; Hao et al., 2004) .
The development of accurate on-farm emissions factors have to take into account diurnal and seasonal variations in emissions under different production scenarios and climatic regions. Additionally, comprehensive datasets that determine the emissions of all trace gases are valuable particularly when we begin to change management practices that may positively affect the emissions of one gas but may negatively affect another. Therefore, the objective of this study was to determine the emission rates of NH 3 , CH 4 , CO 2 , and N 2 O over the course of 1 yr from three source areas (open-lots, wastewater pond, compost) on a large open-lot dairy located in southern Idaho.
Materials and Methods

Study Farm
The dairy used in this study was a commercial dairy in southern Idaho, in a rural location, with 10,000 milking cows and a stocking density of approximately 55 m 2 per cow (Fig. 1) . The milking cows consisted primarily of mature Holsteins with an average bodyweight of 635 kg. This dairy is similar in configuration to most open-lot production facilities in southern Idaho. The operation consists of 20 open-lot pens (60 ha), two milking parlors, a hospital barn, a maternity barn, a manure solid separator, a wastewater storage pond (10 ha), and a compost yard (10 ha). The feed lanes run east and west with a concrete pad directly behind the stanchions and three automatic waterers per lot located approximately 10 m behind the concrete pad at the east, center, and west ends of the loafing sheds.
There were approximately 10,800 cows within the main lot area (including milking, maternity, and sick cows). Approximately 2200 dry cows and replacement heifers were located in pens to the north of the main lot area and contributed manure to the compost and wastewater pond (lot runoff in wet seasons). Within each lot there were a loafing shed and two wind breaks. Manure was scraped and piled in the pens or vacuumed from feed alleys daily and placed into cells near the solid separator. The open-lot pens were harrowed daily when dry. Wash water from the milking parlor and runoff from the open lots was retained in the wastewater pond to the east of the pens, and solid manure from the pens was composted in an area northwest of the facility. The facility was surrounded by irrigated crop land on three sides and open range to the north.
The milking cows were fed a total mixed ration based on alfalfa (concentrates added to meet dietary requirements of energy, protein, and minerals) with a protein content of 17.6% and a dry matter intake (DMI) of 24 kg cow
. Based on DMI and the protein content of the ration, this equates to a dietary nitrogen (N) intake of 0.7 kg N cow
. The average milk production for the herd was 34 kg cow
Field Measurements
Our primary objective was to estimate the emissions of NH 3 , CH 4 , CO 2 , and N 2 O from the three main sources located on the farm, which included the open lots, wastewater pond, and composting areas. Figure 1 illustrates the farm layout with sensor placement and farm structures. The 20 main openlot pens as well as the maternity and hospital barn areas were included in the "open-lot" source area. The milking parlors area, areas without pens, and feed alleys that run from west to east were excluded. Alleys running north to south were included because these tend to accumulate urine and feces as cows are moved to and from the milking parlors. Gas concentrations at the open lots were measured at a location that was central to the housing area at 3 m above the surface. At the compost yard, the gas concentrations were measured at a location near the center of the windrows (at 2 m above the windrows). At the wastewater pond, concentrations were measured on a floating raft that was located in the northwest corner of the pond (at 1 m above the surface). Ambient background concentrations were measured at a location 0.6 km due south of the dairy at 2 m above the surface. In January and February of 2009, NH 3 concentrations were measured 120 m downwind of the eastern edge of the open-lot pens using an open-path, ultraviolet-differential optical absorption spectrometer (UV-DOAS) (UV Sentry; Cerex Monitoring Solutions, LLC, Atlanta, GA). This equipment cannot measure CH 4 , CO 2 , and N 2 O concentrations. For the downwind measurements, gas concentrations were determined at a height of 2 m and at distances of approximately 10 times the height (or greater) of the nearest fence and loafing shed. The UV-DOAS unit provided a line-average concentration between the source and detector, which were separated by 75 m. Concentration data for the FGM and UV-DOAS were processed to produce 15-min average mixing-ratio concentrations (ppm v ) at the source areas (C) and background (C b ) locations. The emissions estimates for NH 3 made using the UV-DOAS were compared with estimates made using the FGM at the center lot for several days in February and May of 2009. There was a <5% difference in average emissions estimates using these two different techniques at these two time periods.
The wind environment at each location was described by simple Monin-Obukhov similarity theory (MOST) relationships defined by u*, L, z 0 , and b, as provided by three-dimensional sonic anemometers (CSAT-3; Campbell Sci., Logan, UT, and RM Young ultrasonic anemometer; Traverse City, MI), where u* is the friction velocity, L is the Obukhov stability length, z 0 is the surface roughness length, and b is wind direction. There were sonic anemometers located in three places on the farm: (i) on the south edge of the compost area (RM Young ultrasonic anemometer), (ii) at the center of the lots (CSAT-3), and (iii) at the eastern edge of the wastewater pond (CSAT-3). Wind parameters were calculated for each 15-min period (corresponding to C and C b observations). See Flesch et al. (2004) for details of how these parameters were calculated from a sonic anemometer. A meteorological station was located on the southern edge of the compost area and recorded air temperature, barometric pressure, wind direction, and wind speed (all at 2 m) during the experimental period.
Emissions Calculations
We used WindTrax software (Thunder Beach Scientific, Nanaimo, Canada), which combines the backward Lagrangian stochastic inverse-dispersion technique described by Flesch et al. (2004) with an interface allowing sources and sensors to be conveniently mapped. For a detailed description of the backward Lagrangian stochastic technique, see Flesch et al. (2004 Flesch et al. ( , 2005a Flesch et al. ( , 2005b Flesch et al. ( , 2007 . The farm was mapped using available satellite imagery. Emission rates (Q kg d -1 ) were calculated using N = 50,000 trajectories and measured background concentrations.
Because good emissions estimates are dependent on data that do not violate the MOST assumptions, data were filtered using the criteria set forth by Flesch et al. (2005b) as follows: (i) removed periods where u* ≤ 0.15 m s -1 (low wind conditions), (ii) removed periods where |L| ≤ 10 m (strongly stable/ unstable atmosphere), and (iii) removed periods where z 0 ≥ 1 m (associated with errors in wind profile).
For gas concentrations determined with the FGM, the measurement site was within the source area, and therefore wind direction did not affect transport of trace gases from the source to the sampling location. However, during January and February, the location of the UV-DOAS system was downwind of the lot area. Due to the location, for some wind directions, there would be minimal transport of trace gases from the source to the sampling location, which can lead to uncertainty in Q estimates. Therefore, we filtered out data at the downwind measuring location having a wind direction <200° and >340° to ensure that the detection equipment was downwind of the source area.
Our goal was to calculate the average daily emissions from each source area during each month of measurement. We assumed that appropriate average rates could be calculated from ensemble-average daily (24-h) emission curves, as one needs to capture the diurnal trend in emissions. During a few months there were limited data, and during this time 12-h averages were used to capture the diurnal fluctuations in emissions. For each month, data were averaged into 1-h blocks, after which 24 (or 12) 1-h average values were averaged to determine the daily emissions. This allowed a representative weighting of emissions estimates over a 24-h (or 12-h) period.
Because there were times when we had noncontinuous observations due to data filtering, we used a "gap-filling" technique to fill in missing data. We extrapolated the emissions data to estimate Q during missing periods using a regression model based on the ambient u* and time of day as predictors as done by Flesch et al. (2009) . There were 5 mo where we used the gap-filling technique for the lot estimates (May-September and October). All open-lot regression models were significant (a = 0.05), with r 2 values ranging from 0.25 to 0.65 and the number of interpolated points ranging from 1 to 6. There was 1 mo where we used the gap-filling technique for the wastewater pond estimates (May, r 2 = 0.47-0.63; 4 pts), and the compost estimates (August, r 2 = 0.30-0.65; 4 pts). During June and September, the wind speeds at the wastewater pond were very low, resulting in low u* values; therefore, a large amount of data was filtered out. Because we did not want to overextrapolate the available data, we did not calculate average emissions for these months.
We calculated seasonal (spring, summer, fall, and winter) total farm estimates by averaging the available emission estimates at each location for each season and then summing the averages of the three locations to obtain emissions (kg d ) for the whole farm for that time period. The seasons were considered to be spring (March-May), summer (June-August), fall (September-November), and winter (December-February). Because the wastewater pond was frozen over from December to February and there was no compost in the compost area, the winter NH 3 emissions value is an average of only the lot data. Due to equipment limitations, we were unable to collect CH 4 , CO 2 , and N 2 O data from December through February. Therefore, we substituted CH 4 , CO 2 , and N 2 O emissions estimates from the lot during March to represent winter emissions rates so that the yearly emissions rate would not be inflated due to inclusion of seasons when there were emissions from all three areas. In previous work on an open lot dairy, we determined that March (spring) was more representative of winter emissions than summer or fall values ).
Results and Discussion
Emissions from the Open Lot
The emissions of NH 3 , CH 4 , CO 2 , and N 2 O for April 2008 from the open lots are presented in Fig. 2 . There was a strong diurnal trend in emissions of NH 3 , CH 4 , and CO 2 from the open-lot area with emissions being lower during late evening and early morning and then increasing throughout the day, with maximum rates late in the day. This strong diurnal trend can be associated with wind speed and temperature because winds tend to be light in the late evening and early morning and then, in most instances, steadily increase throughout the day to reach a peak at approximately 1500 to 1600 (data not shown). Temperature also increases from early morning to late afternoon and then decreases again. Additionally, cattle activity tends to increase from morning to late afternoon as animals wake and begin to eat, drink, ruminate, and urinate. As these activities increase, one would expect an increase in NH 3 and CH 4 emissions. Flesch et al. (2007) also noted a strong diurnal trend in NH 3 emissions from a beef feedlot, with lower emissions during early morning and rising emissions throughout the day, which they attributed to wind speed and animal activity. Cassel et al. (2005) saw the same diurnal trend in NH 3 emissions from dairy barns. Sun et al. (2008) noted a strong diurnal trend in CH 4 emissions from dairy cattle with higher rates during the day than late evening and early morning. There did not seem to be a diurnal trend in N 2 O emissions. Because animal activity should not contribute to N 2 O emissions and emissions rates tended to be very low, it is not unexpected to find little trend over time.
The average emission rates of NH 3 , CH 4 , CO 2 , and N 2 O from the open-lot area for each monitoring period along with weather data and lot conditions are presented in Table 1 . Average NH 3 emission rates ranged from 747 to 2129 kg NH 3 d -1
. In early 2008 when lots were wet and manure was present, emission rates were over 1200 kg NH 3 d -1
; as lots dried and manure was removed, the rates decreased and then increased in the late fall when the lots became wet and manure began to accumulate. During January when the lots were frozen, emission rates were lower than in spring and late fall. Although in February, the emission rates were the highest, which could have been due to warming weather and wet conditions on the lots. Leytem et al. (2009) described the spatial variability of NH 3 concentrations on this facility and determined that when the lots were wet NH 3 concentrations were the highest and tended to decrease as the lots dried out or were frozen. Hutchinson et al. (1982) reported the highest NH 3 emission rates when beef feedlots had been wet and were drying rapidly, which is similar to the trends found in the present study.
On a per-animal basis, NH 3 emission rates in the present study ranged from 0.08 to 0.20 kg NH 3 cow
. When averaged over the year, the NH 3 emission rates were 1365 kg NH 3 over four seasons), with higher emissions in the spring when the lots were wet and the lowest emissions in January when lots were frozen. Flesch et al. (2007) -1 for dairy cattle in a barn (LU is the livestock unit based on LU = 500 kg). The values reported in the literature are similar to those found in the present study. Differences in reported values may be due to dietary differences such as forage type, forage quality, and DMI because these factors can influence production of CH 4 in the rumen. Accumulated manure in the lots may also contribute to greater CH 4 emission rates, although Sun et al. (2008) found that fresh manure contributed less than 2% to total CH 4 emissions from dairy cattle in chambers. On a DMI basis, the CH 4 emissions rate was approximately 20 g CH 4 kg DMI -1 , which is similar to that found by Sun et al. (2008) with a calculated rate of 23 g CH 4 kg DMI -1 from dairy cattle and McGinn et al. (2009) , who reported a rate of 20 g CH 4 kg DMI -1 from beef cattle. Average CO 2 emission rates from the open lots ranged from 90,112 to 600,415 kg CO 2 d -1 . Because it is impossible to separate the CO 2 emissions of the cattle and lot surfaces from the combustion engines operating on the dairy, these values cannot be strictly linked to cow activity or lot conditions. The changes in CO 2 emissions over the year do not seem to follow a discernable pattern and may be more Average emission rates of ammonia, methane, carbon dioxide, and nitrous oxide measured from the open-lot area of a 10,000-milking- . In October and November, the majority of lot N 2 O concentrations were at background levels, leading to very little net emissions during these times. There did not seem to be a discernable trend in N 2 O emissions from the lot area. The average N 2 O emissions measured over the study period were 110 kg
. There are little published data reporting emissions of N 2 O from cattle or cattle production facilities. Bjorneberg et al. (2009) for dairy cattle in a loose housing system. The majority of N 2 O emissions from production facilities are associated with manure management systems; therefore, there has been little emphasis placed on determining rates from cattle housing. In the present study we found relatively limited emissions of N 2 O from the lots, further supporting the contention that there may be little concern for N 2 O losses from cattle housing.
Emissions from the Wastewater Pond
The emissions of NH 3 , CH 4 , CO 2 , and N 2 O for April 2008 from the wastewater pond are shown in Fig. 3 . As with the lots, there was a strong diurnal trend in emissions of NH 3 , CH 4 , and CO 2 from the wastewater pond; concentrations were lower in the late evening and early morning and rose throughout the day. Flesch et al. (2009) reported a similar diurnal trend in NH 3 emissions from dairy wastewater ponds. Because NH 3 emissions are strongly related to temperature and wind speed, the diurnal fluxes in both of these factors would explain the changes in emission rates because wind speed and temperature increase from early morning to late afternoon. The average emission rates of NH 3 , CH 4 , CO 2 , and N 2 O for each monitoring period along with weather conditions are presented in Table 2 . The average NH 3 emission rate was 203 kg NH 3 d -1 over the study period. On an areal basis, the average emission rates ranged from 1.6 to 2.2 g NH 3 m
-
, with an average of 2.0 g NH 3 m
-2 d -1 over the study period. There did not appear to be a trend in NH 3 emissions over the time period of the study, although emissions were only measured during months when the pond contained wastewater and was not frozen. Bjorneberg et al. (2009) . The emissions of CH 4 from a wastewater pond system vary and are dependent on the wastewater pond liquid characteristics and weather conditions.
It has been shown that CH 4 emissions are related to the volatile solids content of the wastewater pond liquid and that emission rates increase with increasing temperature. Therefore, CH 4 conversion factors are calculated based on these two factors in combination with a value representing the maximum CH 4 -producing capacity for that manure (IPCC, 2006) . It is therefore difficult to compare wastewater pond emission rates because systems vary in solids content and temperature, which can greatly influence CH 4 generation. Bjorneberg et al. (2009) , which are much higher than the rates reported in the present study. In the study by Guarino et al. (2006) , slurry was placed into batch reactors, which may account for these differences in emissions rates.
Average CO 2 emission rates from the wastewater pond ranged from 28,917 to 85,477 kg CO 2 d -1 or 289 to 855 g CO 2 m -2 d -1 , with no discernable pattern over the year. The average CO 2 emission rate over the study period was 63,744 kg d -1 or 637 g CO 2 m -2 d -1 . There are limited data published reporting CO 2 emissions from wastewater ponds. Guarino et al. (2006) reported emission rates ranging from 3386 to 7966 g CO 2 m -2 d -1 from cattle slurry in batch reactors, which is much higher than the values reported in the present study. This may be due to the use of a batch reactor vs. an uncovered wastewater pond.
Nitrous oxide emission rates from the wastewater pond tended to be low, ranging from 12 to 85 kg N 2 O d 
Emissions from the Compost
The emissions of NH 3 , CH 4 , CO 2 , and N 2 O for April 2008 from the compost area are shown in Fig. 4 . As with the other source areas, there was a diurnal trend in NH 3 , CH 4 , and CO 2 emissions from the compost area, with higher concentrations later in the afternoon and lower concentrations in the late evening and early morning. These trends can be attributed to changes in wind speed and temperature because both tend to increase from early morning to late afternoon and then decrease again. There was little trend in N 2 O emissions, which tended to be low, and in some cases there were no net emissions of N 2 O. The average emission rates of NH 3 , CH 4 , CO 2 , and N 2 O for each monitoring period along with weather conditions are presented in Table 3 .
The average NH 3 emission rates ranged from 34 to 345 kg
, with the highest emissions rates in June and August. The compost piles were being turned frequently in June and August, which would explain the elevated emissions measured during these time periods. In particular, in June the piles were turned and moved, and new manure was brought into the compost yard, which would explain the elevated emissions during this time period. The average NH 3 emission rate from the compost area was 164 kg NH 3 d -1 or 1.64 g NH 3 m -2 d -1 over the monitoring period. Hellebrand and Kalk (2001) reported initial emission rates ranging from 7.2 to 16.8 g NH 3 m
-2 d -1 from composting mixed cattle and swine manure. These rates decreased to 10% of the initial value within 2 to 3 wk into the composting period. Because the compost windrows in the present study were somewhat mature, the NH 3 emission rates are similar to the latter emissions rates reported by Hellebrand and Kalk (2001 -2 d -1 over the study period. As with the other gases, the greatest CO 2 emissions were in June when there was more activity in the compost area. This increase in CO 2 emissions could be caused by a combination of the microbial activity in the compost windrows and machinery operating in the area. The average CO 2 emission rate was 51,608 kg CO 2 d -1 or 516 g CO 2 m -2 d -1 over the study period. Hao et al. (2004) 
Total Estimated Farm Emissions
The combined emission rates of NH 3 , CH 4 , CO 2 , and N 2 O from the lots, wastewater pond, and compost are shown in To obtain an improved estimate of yearly emissions from the farm, we used all the available monthly data and substituted data from missing months with comparative data from other months. For example, June data were used for July, and the missing CH 4 , CO 2 , and N 2 O data in January were replaced with data from March. Using these assumptions, the rates on an animal basis were similar with 0.14, 1.18, 29.5, and 0.02 kg cow -1 d -1 for NH 3 , CH 4 , CO 2 , and N 2 O, respectively. These values are used in the following discussion.
The open-lot areas had the greatest contribution to emissions of NH 3 , CO 2 , and N 2 O, with averages of 78, 80, and 57% of the total farm emissions, respectively (calculated for months when there were values for all three sources). The wastewater pond contributed 12, 11, and 15% of the total farm emissions for NH 3 , CO 2 , and N 2 O, respectively. The compost area contributed 10, 9, and 27% of the total farm emissions for NH 3 , CO 2 , and N 2 O, respectively. Because the lot is approximately 6-fold greater in area than the wastewater pond and compost areas, these numbers are not surprising. In addition, because much of the ammonia loss occurs from evaporating urine patches, the majority of NH 3 would be expected to be released from the area with the greatest urine deposition, which in this management system is the lot area. The CH 4 emissions, however, had the greatest contribution from the lots in April (74% of total emissions), but, once temperatures began to increase, the wastewater pond became the largest source of CH 4 emissions, averaging 55% of total emissions for the remainder of the year. The compost area contributed an average of 7% of total CH 4 emissions over the season.
Implications for Regulations and Reporting Requirements
If the value of 0.14 kg NH 3 cow -1 d -1 is used to represent an open-lot dairy in this region, then according to the USEPA limit of 45.5 kg NH 3 d -1
, any farm over 325 cows would have - Emissions of greenhouse gases are expressed in equivalent terms, normalized to CO 2 using global warming potentials, and are referred to as CO 2 equivalents (CO 2 e). The generation of CO 2 e from CH 4 production at the open lots, which should represent mainly enteric fermentation (with some additional contribution from the manure stockpiles), was approximately 10.8 kg CO 2 e cow -1 d -1
. Comparatively, the USDA GHG inventory reports an estimate of 5.9 kg CO 2 e cow -1 d -1
, whereas the IPCC Tier 1 estimate is 8.1 kg CO 2 e cow -1 d -1
, both of which are lower than the value determined in the present study. Because the USEPA does not consider CO 2 production from manure storage systems to be anthropogenic, it would not fall under the proposed rule for mandatory reporting of greenhouse gasses. However, both the CH 4 and N 2 O generated from the lots (excluding enteric fermentation), wastewater pond, and compost would fall under the proposed reporting rule. Because it is difficult to discern the CH 4 emissions from the manure stockpiles in the lots (due to the presence of the cattle) and previous studies have shown little CH 4 generation from fresh manure, we did not consider this as a separate source in our subsequent calculation. The combined manure management (wastewater pond and compost) CO 2 e generation for the year at this facility would be approximately 67,690 metric tons of CO 2 e. Even though N 2 O is considered a more potent greenhouse gas and has a CO 2 e value of 310, compared with a CO 2 e value of 21 for CH 4 , the contribution from N 2 O was only 14% of the CO 2 e generated from the manure management system. If all cows on the facility are included (13,000 cows, including dry cows and replacement heifers because they all contribute to the manure volume), this would be approximately 5.2 metric tons of CO 2 e per cow per year. The USEPA reporting threshold value is 25,000 metric tons of CO 2 e per year (USEPA, 2009a), which would equate to 4808 cows based on the information from this dairy. The final USEPA rule has determined that the average annual animal population (head) under which facilities are not required to report emissions is 3200 for dairy (mature dairy cows), which is less than our estimated threshold numbers.
When making decisions regarding regulation of dairy facilities, it is important to consider the productivity of these facilities. Although the kg CO 2 e cow -1 d -1 from enteric fermentation on this open-lot dairy is 10.8, the average milk cow at this facility generates 34 kg milk d , which translates to a value of 0.31 CO 2 e per kg of milk produced. Other production systems, particularly pasture-based systems, not only generate less milk per cow but also generate higher CH 4 due to the high intake of lower quality forage. In these systems, the CO 2 e kg milk can be as high as 0.74 CO 2 e per kg of milk (Ulyatt et al., 2002) . Therefore, it is imperative for emissions regulations to be based on unit of production instead of on an animal basis, as is typically used by USEPA. Related to this is the issue of scale. Because air quality is a regional issue, large producers are being penalized by reporting requirements or adoption of best management practices to control ammonia emissions when on an air-shed basis the total number of cows is likely more important. This is an issue that needs to be discussed by regulators to more fairly assess the burden of emissions reductions throughout an air-shed. Average emission rates of ammonia, methane, carbon dioxide, and nitrous oxide measured from the compost area of a 10,000-milking- ---------------------kg d -1 --------------------- . ‡ Average based on the 10,800 cows in the lot area, § Average based on the milk produced from the 10,000 milking cows in the lot area.
